ABSTRACT In traditional wireless communications, multiuser diversity gain comes from the diversified channel power gains across different users. In energy harvesting wireless systems, the various energy levels at different transmitters may lead to another type of diversity gain. In this paper, multiuser gain with the emphasis on energy diversity is studied for multiuser energy harvesting communications, where the scaling law of the expected throughput over the number of users is investigated. Three access schemes are considered: two centralized schemes (fixed TDMA, where users transmit in a fixed order; and energygreedy, where the user with the highest energy level is picked for transmission) and a contention-based distributed scheme (where each user contends for the channel with a certain probability). Under both centralized schemes, it is shown that the expected throughput scales on the order of log(N ), where N is the number of users. For the distributed scheme, the scaling of throughput depends on the contention probability. Particularly, when each user contends the transmission with probability 1/N , the throughput also scales on the order of log(N ) but with a discount factor 1/e. Our analytical and numerical results reveal that compared with the point-to-point energy harvesting communication system, the multiuser throughput gain comes from two aspects: the power gain due to the increase of total energy arrivals; and the diversity gain due to the increase of energy arrival dynamics.
I. INTRODUCTION
It is in recent years that harvesting energy from ambient energy sources (e.g., solar, wind, or vibration) has been widely realized, enjoying diversified applications to power various electric devices. Particularly, in the design of nextgeneration wireless communication systems, e.g., Internet of Things [1] and heterogeneous cellular networks [2] , energy harvesting (EH) technology has been considered as one of the enablers to provide green system operations. Compared against systems with conventional power supplies that consume fossil fuels to obtain electric energy, EH-based systems are not only more environment friendly, but also more cost effective by cutting down the service provider utility bills [3] . Despite such promising potentials, there are two major challenges that hold back the operations of EH wireless systems.
EH randomness: The energy generated via EH is nondeterministic in general due to the dynamic and intermittent characteristics of the adopted renewable energy sources. Some existing works have studied the impact of such energy uncertainty brought by energy harvesters. For example, the authors in [2] studied a heterogeneous network with multiple base stations (BSs) powered by energy harvesters solely, where the outage behavior of BSs were analyzed to obtain the availability region of the network. For a large-scale ad hoc network, the author in [4] defined the ''transmission probability'' to quantify the portion of time when the sensor node has enough energy and transmits at a constant power level.
EH constraint: The available energy at the system up to any time is bounded by its accumulatively harvested energy by then. This constraint implies that communications may suffer from the shortage of energy in some time slots. Many existing works have investigated the throughput-optimal orsuboptimal transmission strategies under the EH constraints.
For instance, the throughput maximization problems under various EH wireless communication setups have been investigated, with the point-to-point channel [5] , [6] , Gaussian relay channel [7] , interference channel [8] , and multiple access channel [9] , [10] . In addition, multiuser scenarios where EH transmitters share the same frequency band have also been considered. In [11] , the authors developed an algorithm that jointly allocates energy and bandwidth for multiple users to maximize the system throughput. In [12] , the authors proposed a two-stage probing scheduling scheme to maximize the average throughput. A comprehensive review was provided in [13] on the recent development of EH based communications.
Thus far, most existing works have spent great efforts on designing throughput-optimal power allocations and scheduling policies under various setups. However, how the throughput of an EH-based network scales over the number of users has not been sufficiently studied. This is an important issue since the sizes of communication networks will get larger and larger, e.g., in 5G cellular networks [14] and inter-vehicular networks [15] . Therefore, we are motivated to study the throughput scaling law over the number of users, i.e., the multiuser gain in EH wireless systems. It will be intriguing to show that the EH randomness could be a positive factor in system design when explored correctly.
1) DIVERSITY AND MULTIUSER GAIN
To guarantee the reliability or enhance the performance of wireless systems, the system designers have always been motivated to utilize ''diversity''. The concepts of diversity in wireless communications could be different according to different system setups. For a point-to-point MIMO wireless system, the diversity is usually quantified by ''diversity gain'' [16] , [17] , which represents the decaying speed of the bit error rate or outage probability. However, for a multiuser system, it is hard to have a closed-form definition for diversity gain. The multiuser diversity gain is usually reflected in the observation where the more users show up, the higher the system throughput becomes. In the above cases, diversity is from the fact that there exist more than one independent signal paths from the transmitter side to the receiver side [17] . Then, when these paths vary independently, it is more likely that the information can be delivered via a better channel and the system performance (error probability or throughput) could be improved.
Compared to the throughput performance in the single-user case, the multiuser gain comes from two effects [17] : the total power gain and the effective channel gain (i.e., from h i to max 1≤i≤N h i , where h i denotes the channel power gain of the i-th user). It is observed that the power gain can be achieved without the knowledge of channel state information (CSI) at the transmitter side, while the diversity gain (i.e., the effective channel gain) requires the CSI at both the transmitter and receiver sides. In the literature, multiuser diversity with random access has been studied in [18] , and the throughput over the number of users was shown to scale on the order of O(log(N ) + log log(N )). For a spectrum sharing communication system, the scaling law of the average achievable capacity is log(N ) as shown in [20] , where the transmission power must be sufficiently large in order to overcome the interference.
The multiuser gain is enriched with a new flavor in EH based communication systems. First, the total harvested energy gets large as the number of users increases, which is expected to provide a power gain over the benchmark (the throughput of a single-user EH communication system). Meanwhile, the variation of battery levels across different time instants or different users provide energy diversity, which is a new gain source in addition to the fading channel that contributes to the multiuser gain.
2) MAIN CONTRIBUTIONS
From the literature, it is clear that we are still missing a systematic analysis on multiuser gain with respect to the EH effect. It is worth pointing out that in our previous work [21] , we discussed the concept of energy diversity for the point-topoint EH communication system, and proposed a definition of energy diversity gain to quantify how fast the outage probability decays with different energy sources. In addition, we obtained some preliminary results on how centralized access schemes explore the energy diversity over Gaussian channels [22] .
In this paper, we extend the work in [22] and aim to provide a more clear concept of multiuser gain incurred by variations of stored energy at different transmitters under either centralized or distributed access schemes. To clearly demonstrate the EH effect on multiuser gain, we do not consider channel fading and only focus on additive white Gaussian channels. We study a typical multiple access scenario where multiple users share one communication channel. Furthermore, only one user can access the channel at each time slot; otherwise, no information can get through. In addition, we consider a two-level time frame for energy variation and communication. Specifically, we define an energy block during which the battery is charged at a constant EH power, where one energy block contains multiple time slots such that each time slot is used for either transmission or channel contention.
Specifically, we consider two centralized access schemes and one distributed access schemes. For the two centralized schemes:
• The first is a fixed TDMA, where users transmit one by one in a fixed order, and use all available energy for the transmission. We show that the expected throughput of the network can be approximated by an upper-bound derived from Jensen's inequality, and such an upperbound is tight for large N . Then, we further show that this upper-bound increases on the order of log(µN ), with µ denoting the mean of the energy arrival rate, and N denoting the number of users.
• The second is the energy-greedy access, i.e., choosing the user with the highest available energy for each transmission. We first show that such a scheme could lead VOLUME 5, 2017 to a stationary distribution for the energy level at each user, and then show that this distribution would have a cumulative density function (CDF) exp(−e −x ) for large N , where x ∈ [0, +∞). The scaling law of the expected throughput is shown to be the same as that under the fixed TDMA scheme. For the distributed case, we show that when the probability of successful channel contention is on a scale of O N −α , the available energy is at least on the order of O(pN α + p(T − 1)N ) at each user, where p is the energy arrival probability and T is the number of transmission time slots. Then, the average throughput is upper-bounded by
We also validate our analysis via simulations. Our numerical results show that compared to the benchmark, i.e., the throughput of the single-user EH communication system under greedy power allocation, the multiuser throughput gain is mainly from two effects:
• Power gain. The total harvested energy of users increases when more users are in the system. This is similar to the conventional (non-EH) multiple access communication system, where the total power is increased with more users.
• Energy diversity gain. Due to the limited channel resources, when multiple users are present, users may use the waiting time to harvest more energy across different energy blocks. Thus, the energy diversity can be explored over time since different energy blocks have different energy arrival rates. In addition, since different users may have different energy levels, the diversity over space can also be exploited. The rest of the paper is organized as follows. The system model is given in Section II. The scaling laws of transmission power and throughput are analyzed for centralized schemes in Section III and for the distributed scheme in Section IV. The numerical results and some discussions are provided in Section V. Finally, the paper is concluded in Section VI.
Notations: We summarize some important notations in Table I .
II. SYSTEM MODEL
We assume that the system is slotted over time, and the length of the time slot is unified for convenience. Regarding the variation time scale of energy sources, it is assumed that the EH rate (i.e., the harvested energy per time slot) is constant over T consecutive time slots. We call one T -slot period an ''energy block''. As shown in Fig. 1 , we use t as the index for the energy block, and use s for the time slot within one energy block to differentiate these two time scales. Then, an arbitrary time slot can be indexed by a tuple (t, s), with Suppose that at time slot (t, s), only the n-th transmitter transmits, the received signal y
where
t,s is the transmit signal of unit power, and z (n) t,s is the circularly symmetric complex Gaussian (CSCG) noise with zero mean and unit variance. Then, the instantaneous transmission rate over one time slot could be expressed as log 1 + P (n) t,s under the assumption of unit noise power [17] .
Let E (n) t denote the EH rate (harvested energy per time slot) of the n-th transmitter, which remains constant in energy block t (which contains T consecutive time slots). Furthermore, E (n) t are assumed to be Bernoulli random variables 3 with probability p across different energy blocks and i. • Each transmitter has a battery with infinite battery capacity. Given that the slot based operations are usually on the level of micro seconds, an infinite battery capacity is a reasonable assumption when the battery capacity is large enough compared with the magnitude of the EH rate, e.g., an AA-sized NiMH battery with a capacity of 7.7 kJ usually requires couple of hours to be fully charged by some commercial solar panels [24] .
• The transmitter is able to work in an energy-full-duplex fashion [13] , i.e., it can withdraw the energy from and harvest energy to the same battery at the same time.
III. CENTRALIZED ACCESS
In this section, we investigate the multiuser gain from the EH effect under two different centralized access schemes: fixed TDMA and energy-greedy. Note that in this paper, we are not focusing on optimizing the network throughput. Instead, we mainly aim to analyze the throughput scaling under specific feasible access schemes, which could serve as guidelines for future system design.
A. FIXED TDMA
The first centralized scheme considered is the fixed TDMA, where users transmit in turn periodically. This scheme does not require ESI from transmitters, and simply assign each transmitter the same opportunity for transmissions. The transmission of each user (within each operation period) would last for T time slots. 4 Moreover, each transmitter uses a constant transmission power and consumes all the available energy over the T time slots to fully utilize the transmission opportunity. It may be intuitively expected that this scheme may not explore any diversity with respect to energy since no ESI is utilized. In fact, as we will show next, this scheme can still achieve energy diversity gain. It is easy to prove that under the fixed TDMA, the energy level at each transmitter is stable, i.e., lim t→∞ P B
has a stationary distribution that is the same as some random variable B (n) . Then, the expected throughput per time slot can be written and upper-bounded by Jensen's inequality as
It can be observed that the upper-bound (3) increases as N gets large. Next, we show that the gap between E R FT and the upper-bound (3) gets close as N → ∞, which implies that when N is sufficiently large, E R FT and the upper-bound (3) scale on the same order. Proposition 1: The expected throughput E R FT approaches its upper-bound given in (3). That is, as N → ∞, there is
Proof: First, it is worth pointing out that for k ≤ Np, the probability
gets smaller and smaller as N increases. Thus, given some k > 0, it follows that for any > 0, there exists a large number a such that when N ≥ a, P{B (n) ≤ k} ≤ . Therefore, we obtain
where 1 = log 1 + k T . Moreover, the concavity of the function f (x) = log(1 + x) is weak on the region where x is large. In other words, for any 2 > 0, there exist large numbers b and c such that
Therefore, when N > max{a, b}, we have
which proves the proposition. We obtain from the above proposition that the upperbound (3) is a reasonable estimation of E R FT for large N . From (3), we observe that the average throughput grows on a scale of log(pN ). Compared to the single-user case, where the transmitter adopts a greedy power utilization strategy with transmission power E t , we see that such scaling law mainly results from the increase of total harvested energy, which is in the nature of multiuser effect.
To further discover how energy diversity plays, we unify the EH rate in the single-user and multiuser scenarios. Then, the expected rate E R FT in (2) becomes
We observe that the upper-bound (11) is no longer scaling over N . By using the similar argument in Proposition 1, it can be shown that the power-normalized E R FT increases and approaches this fixed upper-bound (11) as N increases. Thus, without the power gain and without knowing ESI, the fixed TDMA can still achieve certain throughput gain as N increases, although may be limited. In fact, the energy diversity is explored over time naturally by the fixed TDMA since users may harvest different amounts of energy over different energy blocks. For the conventional (non-EH based) system, on the other hand, no energy diversity can be exploited due to the constant power supply. Thus, the effective transmission power is improved to (2) and (10).
B. ENERGY-GREEDY ACCESS
In this scheme, the central controller chooses the transmitter with the maximum available energy to transmit, and thus the ESI is explored. In addition, the transmitter uses up all the stored energy in the next T slots, and then the transmission power is max 1≤n≤N B (n) t T for t ≥ 1, where the B (n) t is the energy level at the beginning of energy block t. If this transmission power is stable, the expected throughput can be written as
By applying similar argument in Proposition 1, it can be shown that the upper-bound (13) is tight for E R EG when N is large. Thus, in the following, we will first investigate how max 1≤n≤N B (n) t behaves when t → ∞, and then study how the upper-bound (13) scales over N . We use µ = p to denote the mean of EH rate, and σ 2 = p(1−p) to denote the variance. Note that our analysis in this subsection is not limited to the Bernoulli energy arrival model; it also works for any arrival model with finite mean and variance.
First, the following lemma provides a clue to find out the distribution of the battery levels. 
for any i ∈ {1, 2, . . . , N }. Proof: Since the energy levels of all transmitters are stable as t → ∞ by Lemma 2, it follows that each transmitter could be chosen to transmit with a non-zero probability. Also, given that EH rates are respectively i.i.d. across different transmitters and over time, we obtain by symmetry that lim t→∞ P B
Remark 4: This proposition also implies that the stationary probability that a transmitter achieves the highest energy level among all transmitters is 1/N . Then, the waiting time for a transmitter to fulfil a transmission satisfies a geometric distribution with parameter 1/N .
In the following, we only keep the transmitter index n when it is necessary for the presentation; otherwise we remove it since all transmitters are identical to our interests. Based on Proposition 3 and Remark 4, we obtain the distribution of energy levels at an arbitrary transmitter, which is given as
as t → ∞, where the notation d → denotes the convergence in distribution. In other words, we have
where B (n) is given in (17) with transmitter index n.
1) SCALING OF THE TRANSMISSION POWER
First, in the next lemma, we present the strong law of large numbers (SLLN) for the random sum B.
Lemma 5: Given µ = E[E] < ∞, the stationary energy level B satisfies B/T − µS S −→ 0, a.s., (19) as N → ∞, where S ∼ Geo( 1 N ). The proof is given in Appendix B. Lemma 5 also implies E[B] = µTN . Next, we present the central limit theorem for the random sum B.
Proposition 6: Given {E t } are i.i.d. and
as N → ∞, where X ∼ N (0, 1). The proof is given in Appendix C. Based on Proposition 6, we obtain that the transmission power under the energy-greedy policy satisfies
where X n ∼ N (0, 1). Moreover, we can further approximate the distribution of max 1≤n≤N {X n } according to the next lemma [26] , [27] .
as N → ∞, where a N and b N are normalizing factors given as
Based on Lemma 7, we obtain the following proposition. Proposition 8: Under the energy-greedy access policy, the transmission power satisfies
where a N and b N are given in Lemma 7, and the CDF of Y is exp(−e −x ) for x ∈ (−∞, +∞). Proof: It can be directly proved by using Proposition 6 and Lemma 7.
2) SCALING OF THE EXPECTED THROUGHPUT
We are now ready to investigate how the upper-bound (13) of E R EG behaves. The next lemma [28] is used to bound the mean of the transmission power max 1≤n≤N B (n) .
Lemma 9: If X n ∼ N (0, 1) for 1 ≤ n ≤ N , the mean of
for large N , where o(1) denotes a function such that lim N →∞ o(1) < for any > 0.
By Lemma 9, when N is large, we have
Therefore, we obtain an approximated upper-bound, i.e., for large N ,
Note that this approximation is more accurate if the variable S is deterministic such that S = N . Furthermore, we could bound E max 1≤n≤N B (n) from below by
Finally, it follows that
where O (log(µN )) denotes a function such that
log(µN ) < ∞. Comparing with the fixed TDMA, we observe that the expected throughput achieved by the energy-greedy scheduling grows on the same order as the fixed TDMA. It tells us that the utilization of ESI does not contribute too much on the throughput performance. Besides the power gain, the energy-greedy scheme explores the energy diversity over both time and space, and thus the effective transmission power is improved from E t to 1 TN max 1≤n≤N B (n) .
IV. DISTRIBUTED ACCESS
Suppose that the n-th user contends for the channel use with probability q n at the very beginning of each time slot; then the successful contention probability of the n-th user is
Here, we assume that channel contention consumes negligible energy as we focus on investigating the order-wise throughput performance. If the n-th transmitter successfully occupies the channel, it transmits for T time slots and uses up all its available energy. Note that similar to TDMA, this access and power control scheme does not use any ESI. 5 It is easy to see that the energy level at each transmitter is stable under this contention based access scheme. Then, the average throughput across the whole system is given by
5 Exploring ESI can improve the throughput performance, e.g., like the distributed scheme in [12] . Again, in this paper, we only focus on the scaling law of throughput instead of optimizing it. Thus, we only consider some basic access schemes.
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Again, it is worth noticing that when E B (n) is large, the upper-bound is tight.
As finding the distribution of the energy level is challenging, we turn to estimate its mean value. Note that for the n-th user, the successful transmission probability is given by Q n , and it follows that the waiting time is a geometric random variable with parameter Q n . If we let W (n) denote the number of waiting time slots, it can be written as
for some a, b ≥ 0, and thus the energy level is given by
When user n does not transmit, there are two possible situations for the system: 1) none of the users transmit; 2) one user other than user n transmits. Mathematically, there is a probability
that no user transmits, and a probability N i =n Q i 1−Q n that another user transmits. Therefore, the average waiting time is
and the expected energy level is
For simplification, suppose that all transmitters are identical. Then, the expected energy level is given by
It can be observed that the energy level satisfies
Next, we consider the expected throughput. It can be obtained from (25) that
.
If α is too large, the expected rate will surprisingly decrease. To see this point, we consider the limit of (28) . When α > 1, we have
It can be found that (29) = 0 when α > 1. Thus, the parameter α should be chosen from (0, 1]. At last, we consider a specific random access strategy and study how the throughput scales. Example 10 (ALOHA (Uniform Contention)): When transmitters contend with probability q n = 1/N α , for 0 < α ≤ 1,
. Note that there is
Thus, the only choice is α = 1, and we arrive at
which implies that the average throughput is
In this case, the average throughput scales on the same order as that in the fixed-TDMA scheme, while there is a loss factor e −1 due to the nature of random access.
V. NUMERICAL ANALYSIS AND DISCUSSIONS
In this section, we provide more insights on the average throughput based on some numerical analysis, and discuss where the multiuser gain in EH based communication system comes from. Here, the benchmark is the throughput achieved by a point-to-point EH communication system over a Gaussian channel, where the transmitter adopts a greedy power utilization strategy. 6 The multiuser effect is expected to provide certain throughput gain against this benchmark. The average throughputs under different schemes are numerically compared in Fig. 2 . We observe that all the access schemes discussed in the previous two sections can achieve certain throughput gain. The energy-greedy one slightly outperforms TDMA, while their performance gets close when N is large, which agrees with our discussion in Section III. For ALOHA, it has a throughput loss against centralized schemes, which results from the time cost on channel contentions. This observation is similar to the case with conventional multiuser diversity in fading channels, where the ALOHA has a throughput loss 1 e compared to the centralized protocol [18] .
To highlight the effect of energy diversity in the total multiuser gain, we also show the throughput performance in Fig. 3 , where the total energy arrival rate is unified such that the power gain over space is eliminated. We observe that compared to the single-user benchmark, the fixed TDMA, the energy-greedy, and the ALOHA schemes are able to achieve certain multiuser gain. However, such diversity gain does not always scale with the number of users when N gets large, which agrees with our discussions in Section III.
In short, our theoretical and numerical results imply that compared to the point-to-point EH communication system, the multiuser gain due to EH effects mainly comes from two aspects:
1) The power gain from the increase of total energy arrivals.
2) The energy diversity gain that improves the effective transmission power:
• for fixed-TDMA, improved from E 
VI. CONCLUSIONS
In this paper, the multiuser gain was investigated for EH based communication system. The centralized access schemes are shown to have a scaling law of log(µN ) for the average throughput, and the distributed one has the same scaling law with a constant loss factor e −1 . Besides the increase of total energy arrivals, the multiuser gain also benefits from the energy diversity in time and space, which improves the effective transmission power. The access schemes discussed in this paper capture the ''energy accumulating'' feature in EH communications, and the corresponding throughput scaling sets the guidelines for the future transmission design of EH wireless systems.
APPENDICES

A. PROOF OF LEMMA 2
We prove this lemma by contradiction. Suppose that transmitter 1 violates the condition, i.e., lim t→∞ P B (1) t,s = ∞ > 0. Note that this event would happen only if transmitter 1 keeps saving for infinite time slots from, say, the (t 1 , s 1 )-th time slot, given that the EH rate has a finite nonnegative mean µ and variance σ 2 . That is, as t → ∞, we have
(1) i = ∞ happens as t → ∞, according to the energy-greedy scheme, it is equivalent to the event that the energy level of transmitter 1 is never the highest among those of all transmitters after slot (t 1 , s 1 ), i.e., B (1) t,s = ∞ ⇔ B as t → ∞. Hence, there must exist at least one transmitter, say the 2nd transmitter, such that the event B (2) t,s > B (1) t,s happens. Transmitter 2 needs to start saving from some time slot (t 2 , s 2 ) until forever in order to make the event B (2) t,s = ∞ happen with a non-zero probability as t → ∞.
Similar to the case of transmitter 1, if the 2nd transmitter also saves for infinitely many time slots, there must be Analogously, it directly implies that all N transmitters must keep saving energy for infinite numbers of times slots. However, this cannot happen since with the energy-greedy access, some transmitter must be chosen to fulfil a transmission for each time. Therefore, all N transmitters cannot keep saving energy forever, which contradicts the assumption at the beginning, and thus the lemma is proved.
B. PROOF OF LEMMA 5
It is efficient to show that for ∀ > 0,
Let X i = E i − µ. Note that SLLN holds for X 1 , X 2 , . . . , X k , i.e., k i=1 X i /k → 0 as k → ∞ with probability 1, which implies
Define
Then, we have
where i.o. stands for ''infinitely often''. Next, we need to show P {A k i.o.} = 0:
Therefore, P {A k i.o.} = 0, which implies that the convergence in (19) holds by the Bore-Cantelli lemma [31] .
C. PROOF OF PROPOSITION 6
Let
Then, we calculate its characteristic function as 
